Prebiotic hydantoin and its complexes with one and two water molecules are investigated using highresolution broadband rotational spectroscopy in the 2-8 GHz frequency range. The hyperfine structure due to the nuclear quadrupole coupling of the two 14 N atoms is analysed for the monomer and the complexes. This characteristic hyperfine structure will support a definitive assignment from low frequency radioastronomy data. Experiments with H 2 18 O provide accurate experimental information on the preferred binding sites of water, which are compared with quantum-chemically calculated coordinates. In the 2-water complexes, the water molecules bind to hydantoin as a dimer instead of individually, indicating the strong water-water interactions. This information provides first insight on how hydantoin interacts with water on the molecular level.
Introduction
The search for prebiotic molecules in the interstellar medium (ISM) has been an ongoing effort of astronomy, astrochemistry, and laboratory spectroscopy for several decades. There is particular interest in simple organic molecules like sugars, amino acids, and their derivates as they will reveal important information about the origin and formation of life. Recently, ground-based observatories have been updated and new ones brought online, such as the Atacama Large Millimeter/submillimeter Array (ALMA), the Robert C. Byrd Greenbank Telescope, and the Institute for Radio Astronomy in the Millimeter Range (IRAM), which provide high-spatial and high-frequency resolution radioastronomic data. This data can be used not only to identify new molecular species in the ISM but also to investigate molecular reaction pathways of previously detected molecules. Once a chemical reaction, by which the discovered molecule can be formed, is proposed, spatial maps of the components of this reaction can be examined in order to judge its likelihood as a contributor to the molecule's occurrence. By systematically checking the feasibility of these reactions through this manner, much insight about the chemistry occurring in interstellar environments can be gleamed. 1, 2 In order to identify new molecules and create molecule specific maps, knowledge of the rotational transition frequencies of the molecules of interest is a prerequisite. These can be provided by high-resolution laboratory experiments in the microwave (mw) up to the terahertz regime, using techniques such as THz absorption spectroscopy using solid-state frequency multiplier chains, 3 Fabry-Perot cavity Fourier transform microwave spectroscopy, 4 and chirped pulse Fourier transform microwave (CP-FTMW) spectroscopy. 5 The cyclic amide hydantoin, or glycolylurea, has many interesting qualities, one of them being its tie to prebiotic chemistry. Hydantoin is a heterocyclic organic compound with the sum formula C 3 H 5 N 2 O 2 (CH 2 C(O)NHC(O)NH) that arises from the reaction of the prebiotic molecules glycolic acid and urea. As urea has already been detected in the interstellar medium (ISM), 6 it is likely that hydantoin could be present, as reactions of urea in the gas phase or on ice grain surfaces with glycolic acid would give rise to the formation of hydantoin. So far, hydantoin has been detected in carbonaceous chondrites together with several amino acids by gas chromatography combined with mass spectrometry. 7 This finding points to reaction pathways connecting hydantoin and amino acids. More recently, laboratory studies on interstellar ice analogues revealed that the hydrolysis of hydantoin, under acidic conditions, can produce small amino acids such as glycine, which is one of the building blocks of life. 8 Studies providing spectroscopic and structural information on hydantoin are rather limited and mostly dedicated to experiments in the solid phase. These experiments include the previously mentioned studies on ice analogues, a matrix isolation study in which the photochemistry of hydantoin was investigated, 9 and a X-ray crystallography study in which its structure was determined. 10 The vibrational spectra of the normal and enriched isotopologues were also recorded at low resolution in the infrared regime. 11, 12 The first high-resolution laboratory spectroscopy study of hydantoin in the gas phase was reported in 2017 using millimeter-wave (mmw) spectroscopy in the frequency range 90 to 370 GHz. 13 Molecular constants for the ground state and two low-lying vibrationally excited states were reported, which can be useful for high frequency radio astronomical observations where molecular vibrationally excited states can be observed. Spectral line catalogues for these states provide useful rest frequencies for searches of hydantoin in interstellar space. Due to rotational transitions corresponding to high J rotational quantum numbers, the unique hyperfine splitting pattern expected for hydantoin, which arises from the nuclear quadrupole coupling of the two nitrogen atoms ( 14 N), was not observed.
In the present work, we investigate hydantoin and its complexes with one and two water molecules using high-resolution broadband rotational spectroscopy. We use the low frequency range (2-8 GHz) of our COMPACT spectrometer to analyse and provide accurate molecular parameters of the nuclear quadrupole coupling hyperfine structure, which can also be useful for the identification of hydantoin in space. 14, 15 Every low-J rotational transition will exhibit this uniquely identifying hyperfine splitting. We are also interested in understanding the interactions between hydantoin and water. Indeed, the knowledge of how water binds to such prebiotic precursors is relevant for modeling chemical processes on interstellar ice grains.
Experimental and computational details
Rotational spectroscopic measurements were performed with the Hamburg COMPACT spectrometer covering the 2-8 GHz frequency range, which has been described in detail elsewhere. 16 Hydantoin (C 3 N 2 O 2 H 4 , purchased from Sigma-Aldrich, purity 499%) was placed in a heatable reservoir (a modified Parker General Valve, Series 9) close to the valve orifice and heated to B180 1C. The resulting vapor pressure was picked up by the backing gas neon and supersonically expanded into the chamber. The jet temperature is estimated to be close to 2 K. For the clusters with water, the neon flowed over an external reservoir containing water, to seed the neon with water. It then passed over the heated hydantoin, before being supersonically expanded into the vacuum chamber. In both cases, the valve operated at a repetition rate of 9 Hz, and 3 bars of neon were used as the backing gas. After the expansion, the molecular jet was polarized with a 4 ms chirp pulse spanning 2-8 GHz. This chirp was generated with an arbitrary waveform generator, amplified with a 300 W traveling wave tube amplifier, and transmitted into the vacuum chamber via a horn antenna. Following each excitation pulse, the free induction decay (FID) of the macroscopic ensemble of polarized molecules was recorded for 40 ms. In order to increase the data collection speed and reduce sample consumption, the fast frame capability 17 coadded. Fourier transformation of the averaged time domain FID, recorded at point spacings of 10 ps, resulted in the frequency domain rotational spectrum with frequency resolution of 25 kHz. The transition frequency assignments were carried out using the AABS package, 18 after which the fits were further refined using the SPFIT/SPCAT programs, including parameters to treat the hyperfine structure for the molecule. 19 Comparisons with the quantum-chemical calculations were helpful for predicting the hyperfine splitting due to the two 14 N nuclei of hydantoin. A series of programs available on the PROSPE website 20 was used to aid in the assignment of the spectra and determine the experimental structures. The program CORSCL was used to estimate the rotational constants for 18 O isotopologues of each complex, while the KRA program was to determine the experimental oxygen-atom positions in the principal axis system (r s ) through the Kraitchman equations, and STRFIT was used to compute the r 0 fits. 21, 22 Complementary to the r s structure, we performed a structural least-squares fit of the experimental moments of inertia of the isotopologues to determine the effective ground state structure (r 0 ). The initial geometry for the r 0 fits of each complex was taken from ab initio calculations.
The experimental results were complemented by and compared with electronic structure calculations. Computations at the B3LYP-D3(BJ)/aug-cc-pVTZ level of theory, which includes dispersion corrections and Becke-Johnson damping, 23 were performed using the Gaussian 09, rev. D.01 24 program suite.
Results and discussion

Rotational spectroscopy of hydantoin
The high-resolution broadband rotational spectrum of the hydantoin monomer is displayed in Fig. 1(a) . A limited number of rotational transitions is present in the 2-8 GHz frequency range due to the comparatively large rotational constants of hydantoin. These, among other effects, result in large spacings between the individual groups of transitions. However, hydantoin is an asymmetric-top molecule (near-prolate, with an asymmetry parameter of k = À0.76) containing two nitrogen atoms (I = 1), which results in rich hyperfine substructure. The bottom panel of Fig. 1(b) shows the hyperfine pattern for the 2 11 ' 2 02 b-type rotational transition. The hyperfine structure was modeled with the w ii (i = a, b, or c) diagonal components of the nuclear quadrupole coupling tensor of each nitrogen atom, taking into account that w aa + w bb + w cc = 0. 25 A I 2 coupling scheme was used: the spin I 1 of one nucleus (here the N 1 atom) couples to J to form F 1 = I 1 + J, which couples to the vector sum I 2 of the two equivalent spins (N 1 and N 2 atoms) to form F = F 1 + I 2 . 25 Line splittings due to nuclear quadrupole coupling are inversely proportional to the rotational quantum number J. Because of this, the hyperfine splitting eventually collapses for rotational transitions with increasing J value. In the millimeter-wave study on hydantoin by Ozeki et al., 13 no hyperfine structure was observed because of the high J rotational quantum numbers involved. The low-frequency range of the COMPACT spectrometer probes the lowest rotational transitions, so that, together with the high resolution of the spectrometer, the hyperfine structure is well resolved. We performed a joint fit of the rotational and hyperfine transitions using the SPFIT/SPCAT programs.
The rotational parameters obtained from this fit are summarized in Table 1 and compared with results obtained in the recent mmw spectroscopy study and from quantum-chemical calculations (B3LYP-D3(BJ)/aug-cc-pVTZ). We were unable to perform a global fit of our mw and the previously reported mmw data as only a selected few line frequencies were published in the mmw study. Line lists of the mw rotational transitions including hyperfine structure are given in the ESI. † In our study, inclusion of centrifugal distortion constants into the asymmetric rotor fit were unnecessary. This is different from the mmw study in which high rotational transitions were probed, leading to their use. Even though this is the case, there is very little variation between the two sets of experimental rotational constants. A, B, and C agree to within 10 kHz. The calculated rotational constants agree to within 1% of both experimental methods. This is particularly good considering that the quantum-chemical calculations provide rotational constants for a molecule without considering vibrational zero-point energy corrections. Moreover, good agreement was expected because hydantoin is a decent-size rigid molecule without conformational flexibility.
The nuclear quadrupole coupling constants for the two nitrogen atoms N 1 and N 2 were determined and are shown in Table 1 . For a given nucleus, the magnitude of the nuclear quadrupole coupling constants depends on the interaction of the nucleus with the electric field gradient. It thus provides useful information on the character of neighboring chemical bonds. For the two nitrogen atoms N 1 and N 2 (Fig. 1) , the nuclear quadrupole coupling constants are different, which points to a difference in their chemical environment. This is indeed the case: N 1 has two adjacent electron withdrawing carbonyl groups, while N 2 has only one neighboring CO group and a CH 2 group. This results in N 2 having a higher electron density than N 1 and thus larger w ii values.
3.2 Hydantoin-water complexes 3.2.1 Hydantoin-H 2 O complexes. In order to elucidate the preferred binding positions of water to hydantoin, we recorded the rotational spectrum of hydantoin with water (see Experimental section). As can be seen from the top panel of Fig. 2 , the experimental spectrum is much richer than for the hydantoin monomer. This allowed for five hydantoin-water complexes to be assigned: three 1-water complexes and two 2-water complexes. Hydantoin offers several qualitatively different binding positions for water molecules. The multiple carbonyl-oxygen atoms are good hydrogen-bond acceptors, while the amino (NH) groups are good hydrogen-bond donors. The heterocyclic geometry results in five binding positions for water. The three lowest energy structures for the 1-water complexes are shown in Fig. 3 (top row), and they are labeled 1w-I, 1w-II, and 1w-III. They each allow for networks involving hydrogen bonds with both a CO and an NH group. This results in a hydrogen bonded six-membered ring. As the three complexes are close in energy, all three were experimentally observed (see Fig. 3 ). Our quantum-chemical calculations also revealed two other hydantoin-water complexes. The first consisted of only one hydrogen bond to a carbonyl oxygen atom. This one is significantly higher in energy (E9.8 kJ mol À1 ) and was not observed in the rotational Table 1 Experimentally determined spectroscopic constants for the hydantoin monomer (this work) in comparison with the millimeter-wave spectroscopy study 13 and the results from quantum-chemical calculations (B3LYP-D3(BJ)/aug-cc-pVTZ). For the nuclear quadrupole coupling constants, the numbers in parentheses refer to the two nitrogen nuclei
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Phys. Chem. Chem. Phys., 2018, 20, 5545--5552 | 5549 spectrum. A potential fifth structure, where water only binds to the NH group containing N 2 , was considered to be too high in energy to be relevant for this study. The rotational constants of the experimentally observed complexes 1w-I, 1w-II, and 1w-III are summarized in Table 2 . Their values are sufficiently different to unambiguously differentiate and assign the individual complexes based solely on a comparison between the experimental and ab initio rotational constants. For further elucidation of the assignments, the types of rotational transitions assigned (a-, b-, or c-type) were compared with the calculated dipole moment components. Complexes 1w-I and 1w-II are predicted to have a strong m b value as well as a m a component, and both types of transitions were assigned for the two complexes. Complex 1w-III, however, is predicted to only have a m b component, which agrees with our experimental observations. Note that for all three complexes, we do not observe an indication of c-type transitions or internal motion of the water molecule. The formation of two relatively strong hydrogen bonds prevents the water monomer from exhibiting internal dynamics. To obtain experimental structure information and to further support the assignment, we performed a series of experiments in which the water sample was comprised of O, induced changes in the moments of inertia of the cluster can be used for determining the oxygen-atom positions in the principal axis system through the Kraitchman equations. 21 This renders the so-called substitution structure (r s ). Although the r s structure is of common application in rotational spectroscopy, it presents limitations when determining structural parameters. This is particularly limiting when the isotopic information is sparse and the substituted atom lies near an inertial axis where vibrational contributions can play an important role. Theoretical calculations for the three observed complexes show that the water monomer is located near or in the hydantoin ab inertial plane. This was corroborated through the imaginary values of the c coordinate for the oxygen atom upon isotopic substitution, which were set to zero for structural comparisons.
Complementary to the r s structure, we performed a structural least-squares fit of the experimental moments of inertia of the isotopologues to determine the effective ground state structure (r 0 ). The initial geometry for the r 0 fits of each complex was taken from ab initio calculations. The relevant structural parameters are shown in Fig. 3 for all three clusters. An important feature to consider is the degree of planarity the structures exhibit upon water complexation. A first indication of the non-planarity of the clusters comes from the inertial defect, defined as D c = I c À I a À I b . This parameter quantifies the mass distribution out of the ab inertial plane. For the hydantoin monomer this value is À3.430102(58) uÅ 2 . This indicates that even in the monomer, there are small contributions from the out-of-plane atoms: the hydrogen atoms in the CH 2 group. The inertial defect for the water complexes are À3.99647(12) uÅ 2 , À3.72083(25) uÅ 2 and À3.68579(43) uÅ 2 for 1w-I, 1w-II and 1w-III respectively. These values are slightly larger than those for the monomer indicating more non-planarity in the structure. These values essentially remain unchanged upon H 2
18
O substitution showing that the oxygen atoms lie in the ab inertial plane, thus indicating that the increased non-planarity must be due to at least one proton of the water. This is indeed the case, and the r 0 structural fit allowed us to determine that the dangling hydrogen orientation is out of the plane. By fitting the dihedral angle corresponding to this non-planarity (H 1 -O 2 -H 3 -O 4 ), our results show that the structure for complex 1w-I has the smallest dihedral angle at À127.1(9)1, while complex 1w-III has the largest angle at À142.2(2)1. This agrees with the changes in the inertial defects for each of these structures. This is also in good agreement with the calculated structures. For a set of similar systems (i.e. uracil-water and thymine-water complexes), the authors were forced to fix this dihedral to 1401 in order to obtain a r 0 fit. 26 3.2.2 Hydantoin-(H 2 O) 2 complexes. Knowing where the water molecule preferred to bind for the 1-water complexes, an intriguing question as to where a second water molecule would preferentially bind was raised. It has been shown in a number of investigations that in microsolvated systems waterwater interactions typically dominate in complex formation. This phenomenon results in complex structures that can be understood to be comprised of a water cluster and the solvate. It is observed that both the solvate and the water clusters adjust their structures to achieve optimum binding, such as the complexes involving camphor, 27 b-propiolactone, 28 and the 12-crown-4 ether. 29 If the solvate molecule offers a number of strong binding positions for water, like in the case of hydantoin, it can be envisioned that the situation can be different and that the water molecules bind separately to the solvate. In addition, cooperativity effects might play a role.
In our broadband spectra, we observed rotational signatures of two species with rotational constants that fit to what we would expect for the size of hydantoin-(H 2 O) 2 complexes. One spectrum is dominated by a-type transitions, while the second mainly consists of b-type transitions. Both spectra could be fit individually to asymmetric rotor Hamiltonians including the nuclear quadrupole coupling of two nitrogen nuclei. Again, no indication of water tunneling in the complexes was observed. The resulting rotational and nuclear quadrupole coupling constants are summarized in Table 3 . The energy difference between the two structures amounts to B1 kJ mol À1 . Our calculations predicted an additional 2-water complex involving the ''water-dimer'' unit, which binds to the NH group containing N 1 and the CO group neighboring the CH 2 group, similar to the 1w-III complex. This is predicted to be about 4.6 kJ mol À1 higher in energy than complex I, and it was not observed in our spectrum. A fourth complex, where the two water molecules O. Due to their different location with respect to the cluster's center of mass, their single substitution gives rise to two new, separated rotational spectra. The rotational parameters for these four new spectra, two per cluster, are shown in the ESI. † The r 0 experimental parameters were also obtained in both cases from a fit to nine moments of inertia from three different isotopologues. The relevant experimental structural parameters are compared with results from B3LYP-D3(BJ)/aug-cc-pVTZ calculations (lower values) in Fig. 3 . The structural analysis for both complexes revealed that the two water molecules form a unit (similar to the water dimer) in which one water moiety forms a hydrogen bond with a CO group and the second water monomer forms a hydrogen bond with the neighboring NH group. This results in hydrogen bonded eightmembered rings that further stabilize the cluster and involve the formation of three hydrogen bonds.
Interesting structural differences are observed when comparing the bonding distances of our clusters to those of the bare water dimer and/or other molecular clusters that include two water molecules. These are dictated by cooperative effects. The presence of one hydrogen bond increases the unequal charge distribution in water and leads to further polarisation. This can make the remaining part of water more susceptible to additional hydrogen bonds, especially when polar groups are present and substantially modify the strength of a given hydrogen bond. In the case of hydantoin, a clear indication of cooperativity can be observed when looking at the CQOÁ Á ÁO water distances. While for the 1-water clusters the distances are all above 2.8 Å, a clear shortening to 2.777(2) Å and 2.781(1) Å for 2w-I and 2w-II respectively is seen. Furthermore, it is interesting to compare the O water -O water distance of the two water molecules of complexes I and II with the O water -O water distances observed for the free water dimer and other 2-water molecule complexes. At 2.733(2) Å (complex I) and 2.738(4) Å (complex II), the O-O distances are significantly shorter than in the isolated (H 2 O) 2 (2.98(4) Å). 30 They are also about 0.1 Å shorter than the O-O distances for a number of other molecular complexes with two water molecules: biphenyl 2-carboxaldehyde-(H 2 O) 2 (2.852(2) Å), 31 camphor-(H 2 O) 2 (2.821(2) Å for complex 2w(I) and 2.837(1) Å for complex 2w(II)), 27 b-propiolactone-(H 2 O) 2 (2.85(1) Å), 28 or the 12-crown-4 ether with 2.779(3) Å. 29 The observed shortening can be attributed to a larger donor character of the -NH group of hydantoin with respect to aliphatic hydrogens as those in the systems mention above. This marked acidity contributes to the strengthening of the stability of the overall hydrogen network, which manifests itself as shorter interaction distances.
Summary and conclusions
In summary, we used broadband rotational spectroscopy to study the prebiotic molecule hydantoin and its complexes with up to two water molecules. Hydantoin is a cyclic molecules, offering two amide groups and thus a number of possibilities for the formation of hydrogen bonds with water molecules. We observed three qualitatively different complexes of hydantoin with one water molecule, all within relative energies less than 1.5 kJ mol À1 of each other. Each water molecule forms two hydrogen bonds, one with the CO and one with the NH group, resulting in a hydrogen-bonded six-membered ring. For the complexes with two water molecules, there is evidence to suggest that water forms a dimer which then binds to one of the amide groups, forming an hydrogen-bonded eightmembered ring. This illustrates the dominance of water-water interactions. The structural assignment of the water complexes was supported by using H 2 18 O-enriched samples to determine both the substitution (r s ) and the effective ground state (r 0 ) structures as well as by analysis of the hyperfine structure arising from the two amide nitrogen atoms in hydantoin. This structural analysis allowed an accurate characterization of the structure of the clusters that were compared to other water aggregates where structural information was available. Cooperativity effects explain the significantly shorter O-O distances observed for the 2-water complexes compared to those observed in the free water dimer or in other complexes of polar molecules with two water molecules. This showcases the hydrogen bond donor character of the -NH in amides. Due to its unique hyperfine patterns, hydantoin offers itself as a likely candidate to be identified in the ISM, as no other molecule would exhibit the same hyperfine splitting pattern. As a consequence, a small number of rotational transitions would be sufficient for its unambiguous assignment. The identification of this molecule in the ISM has larger implications than just the discovery of another molecule. Its formation is dependent upon urea, which has already been identified in the ISM, and it can go on to form the amino acid glycine which is an important step to the evolution of life. Interactions of hydantoin with water have been shown. These are an important first step to understanding how water would impact the chemistry that hydantoin would be involved in, if it were created through chemical reactions on ice grains.
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